We studied the phylogeography of alder buckthorn ( Frangula alnus ), a bird-dispersed shrub or small tree distributed over most of Europe and West Asia and present in three of the four main refugia of West Palaearctic temperate woody plants: the Iberian Peninsula, the Balkans and Anatolia. A total of 78 populations from 21 countries were analysed for chloroplast DNA variation using polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP), and 21 different haplotypes were distinguished. We found a very strong overall population differentiation ( G 
Introduction
The present-day distributions of temperate plant species and communities are a result of multiple range shifts driven by Quaternary climate changes. During glacial maxima, taxa suffered severe range reductions and fragmentations into refugia, from which they expanded more or less successfully during interglacial periods. The principal refugia of West Palaearctic plants have been localized on the Peninsulas that surround the northern Mediterranean Sea: Iberia, Italy, the Balkans and Anatolia (Hewitt 1996 (Hewitt , 2001 ; but see also Steward & Lister 2001) . Their central significance for the long-term persistence, genetic reshuffling and diversity of European plant and animal taxa has been documented broadly by the fossil pollen record (Huntley & Birks 1983; Tzedakis et al . 2002) and phylogeographical studies (Taberlet et al . 1998; Hewitt 2001; Petit et al . 2003) .
However, comparatively little is known about the inner structure of the major refugial regions and the degree to which different populations persisting in these areas have been involved in the postglacial range expansions of widespread temperate species. Many phylogeographical studies conducted so far have concentrated on continentalscale phylogeographical patterns (reviews in Taberlet et al . 1998; Hewitt 2001) . Some regional studies (Gömöry et al . 1999; Villani et al . 1999 ) have sampled glacial refuge areas intensively, but their small geographical scope has not allowed a global view of the species' history. As a consequence, although it is widely recognized that glacial relict populations have been experiencing unique ecological conditions and specific demographic and evolutionary processes (Hewitt 1996) , the heterogeneity of conditions prevailing in the main refugia during past glacial maxima has been largely neglected.
For instance, the southernmost parts of the main refugia have been under the full influence of the Mediterranean climate; glacial relict populations from these areas are currently restricted to particular wet and cool habitats within a matrix of unsuitable landscapes and are highly isolated. For mountain plants, their response to past climate changes has mostly consisted in altitudinal shifts without migrating long distances (Tzedakis et al . 2002) . Gene flow or metapopulation dynamics between disjunct populations would have been negligible under interglacial as well as under glacial maximum conditions, and mutations would have expanded little from their place of origin (Hewitt 1996 (Hewitt , 2001 ). Moreover, during interglacial periods relict populations would have been exposed to bottleneck situations due to their small size and to climatic constraints on regeneration (see Hampe & Arroyo 2002 and references therein) . In contrast, the northern parts of the main refugia have had a climate more similar to that of central and northern Europe. During glacial maxima, refuge populations would have inhabited lower altitudes and be less isolated than those from to the southernmost refugia. This probably allowed more horizontal range shifts and among-population gene flow. During interglacial periods, regeneration would be less limited by climatic conditions and population bottlenecks would be less common.
According to the 'leading edge' hypothesis, the postglacial range expansion of species involved mainly populations from the northern edges of the refugia, which filled the new territories rapidly with their progeny and largely precluded the northward expansion of later arriving lineages (Hewitt 2001) . It is now widely acknowledged that long-distance dispersal events and the subsequent establishment and rapid growth of pioneer populations ahead of the continuous range have played a central role in the expansion of species and in the buildup of phylogeographical patterns (Hewitt 2000 (Hewitt , 2001 . Moreover, the demographic processes linked with range shifts have sometimes promoted microevolutionary improvements of dispersal mechanisms (Dynesius & Jansson 2000 ; for case studies see Cwynar & MacDonald 1987; Hampe & Bairlein 2000a) .
The leading edge model predicts also a clear geographical separation of lineages expanding from different refugia and a successive northward decrease in genetic diversity due to multiple successive founder events (Hewitt 2001) . Although these patterns have been found in several chloroplast DNA (cpDNA)-based phylogeographical studies, plant species characterized by efficient dispersal mechanisms (e.g. small, wind-dispersed or animalingested seeds) do not fit with these predictions. Instead, they usually exhibit weak phylogeographical structures and much variation within northern as well as southern populations (Raspé et al . 2000; Mohanty et al . 2001a,b; Oddou-Muratorio et al . 2001; Rendell & Ennos 2002 ; but see Grivet & Petit 2002) . Because in many angiosperms the cpDNA is inherited maternally (Birky 2001) and therefore only propagated by seeds, these patterns have been explained commonly by an intense gene flow among populations during and after their establishment due to efficient seed dispersal. However, so far no studies have examined the phylogeographical structure of fleshyfruited plant species across their entire range. In particular, the southern populations from putative glacial refugia have been represented very little. It is therefore unknown if gene flow has occurred between populations of the southernmost refugia located in the Mediterranean Basin or if it has been restricted to the areas of postglacial recolonization. Finally, many temperate bird-dispersed fruits ripen during the autumn migration period of their seed dispersers, but to our knowledge it has never been asked if the preferentially southward seed dispersal by migrating birds has affected current phylogeographical patterns of bird-dispersed plant species.
Frangula alnus Miller (Rhamnaceae) is a shrub or small tree that grows over most of temperate Europe and Western Asia (Fig. 1) . The nominate subspecies occurs through most of the range, while two other subspecies have been described from Central and East Anatolia ( F. a. pontica (Boiss.) Davis & Yalt.) and from South Iberia and North Morocco ( F. a. baetica (Rev. & Willk.) Rivas Goday). The latter is treelike and individuals become about twice as tall and old as those of the other two shrublike subspecies (Hampe & Bairlein 2000a) . F. a. alnus has recently been introduced into North America, is expanding quickly and becoming a pest in some regions (Catling & Porebski 1994) .
Reproductive biology and organs of F. alnus have been described in detail by Medán (1994) and Hampe & Bairlein (2000a) . This entomophilous species produces blackish two-or three-seeded fleshy fruits, which are eaten and dispersed by birds. In temperate Europe, F. alnus is a widespread woody pioneer species on acid, moist soils and can build up large populations on fens, clearcuttings or at forest edges, which are later overgrown and substituted by forest vegetation (Godwin 1943) . In contrast, F. alnus populations in the Mediterranean Basin are restricted to special habitats with year-round water supply, mainly riparian forests in mountain ranges (Yaltirik 1967; Muñoz 1987) .
Fossil pollen records show that F. alnus grew in northern Europe during the last interglacial (Moe 1984) . Macrofossil records of Rhamnus sp., found in Slovenia and northern Italy and dated back to the last glacial maximum (Willis et al . 2000) , belong most probably to F. alnus (sometimes still called Rhamnus frangula ), as no other species of this genus grows in boreal plant communities such as those reported by the cited records. After the last glaciation, F. alnus was present in southern Scandinavia about 11 500 years bp , comprising one of the woody species that first recovered its current distribution range. The species reached its northern distribution maximum around 5000 bp , before it retreated to its current range (Moe 1984) .
The present study investigates the phylogeography of F. alnus across its Eurasian and North African range. Specifically, our aims are (1) to locate and delimit its Quaternary refugia, (2) to assess phylogenetic relations and patterns of genetic variation within and among different refugia and recolonized areas and (3) to evaluate the role of the bird-mediated seed dispersal on colonization, phylogeographical structure and among-population gene flow of the species.
Materials and methods

Plant material and DNA isolation
A total of 322 individuals from 78 localities were sampled (see Table 1 ). Intact leaves and, when available, mature seeds were collected from up to five individuals growing at least 20 m apart from each other. In most populations samples were dried quickly and stored in silicagel or as herbarium specimens until DNA isolation. Samples from six populations could be used fresh or after deep-freezing and storage at − 80 ° C. Fifteen specimens provided by herbaria (B, GAZI, HUB and ISTE) were similarly included. DNA was isolated from leaf tissue in all but two populations, where seeds were used to improve the DNA yield. The DNeasy 96 Plant Kit (Qiagen) and the GenElute Plant Genomic DNA Kit (Sigma) were used for DNA isolation. Herbarium vouchers have been stored by the first author or the collaborating herbaria.
Identification of cpDNA variation
In a preliminary screening, 18 cpDNA primer pairs ( trn H/ psb A, trn S/ trn G and psb B/ psb F from Hamilton 1999); AS, B 1 B 2 , B 2 B 3 , BD, DT, HI, HK, K 1 K 2 , K 2 Q, OA, QS, S fM , SR, ST and TF from Grivet et al . 2001) were tested in combination with two restriction enzymes ( Hin fI and Taq I) over a subset of 46 individuals from 23 populations distributed over most of the sampled range. Eleven combinations revealed polymorphisms and the three that performed best (in terms of amplification of the partly degraded DNA and readability of electrophoresis bands) were chosen to screen all F. alnus populations: DT with Hin fI, trn S/ trn G with Taq I and SR with Hin fI. The remaining eight markers showed variation only in those populations that were also polymorphic according to the three finally chosen systems. Polymerase chain reaction (PCR) was carried out in a PHC-3 Techne thermal cycler using the following procedure: 1 cycle (4 min/94 ° C), 30 cycles (45 s/94 ° C, 45 s/annealing temperature, elongation time/72 ° C), 1 cycle (10 min/72 ° C). Annealing temperatures and elongation times were 54.5 ° C/ 2 min for DT, 50 ° C/1 min for trn S/ trn G and 52 ° C/3 min for SR, respectively. The digestion was run for 3 h at 65 ° C for Taq I, and overnight at 37.5 ° C for Hin fI in a total volume of 20 µ L containing 5 µ L of PCR product, 3 µ L of buffer and 2 U of restriction enzyme. Enzymes and buffers were obtained from Life Technologies, Gibco. PCR-restriction length polymorphism (RFLP) fragments were separated on 8% acrylamide gel and stained with ethidium bromide.
Phylogenetic analyses
Statistical parsimony (Posada & Crandall 2001 ) was used to describe relationships among haplotypes. The haplotype 
baetica).
Information on subspecies distributions are taken from regional standard floras ( Yaltirik 1967; Muñoz 1987) . network was drawn using the software arlequin version 2.0 (Schneider et al. 2000) . The program parsprob version 1.1 (by D. Posada, available at: http://bioag.byu.edu/ zoology/crandall_lab/programs.htm) was used to calculate the exact probability of a parsimonious linkage between two haplotypes that differ at a certain number of sites. A preliminary calculation evaluates the probability that homoplasious sites or multiple hits will reject strict parsimony. This estimate is based on the number of individuals studied and the number of polymorphic nucleotides relative to the total number of nucleotides examined (Templeton et al. 1992) . If overall parsimony is rejected (as will often be the case in intraspecific data sets) the probability (Pj ) of a parsimonious linkage between two haplotypes that differ at j polymorphic sites and share m sites can be calculated according to Templeton et al. (1992) . Contrary to the commonly used program tcs, written by the same authors, parsprob has been designed and is recommended for handling RFLP data (Clement et al. 2000) .
Gene diversity analyses
Parameters of population diversity and differentiation were estimated according to Pons & Petit (1995 , 1996 . The program permut (by R.J. Petit, available at http:// www.pierroton.inra.fr/genetics/labo/Software/) was used to calculate the average within-population gene diversity (h S ), the total gene diversity (h T ) and the gene differentiation over all populations (G ST ), as well as the equivalent parameters (v S , v T and N ST ) obtained by taking into account the similarities between haplotypes. To test for the existence of a phylogeographical structure, we checked if N ST > G ST by comparing the directly measured N ST values with those obtained after 1000 random permutations of haplotype identities (Burban et al. 1999) . Only populations that contained at least three individuals (see Table 1 ) were included in this analysis. Tests were conducted on the entire data set as well as on regional population ensembles. Furthermore, a hierarchical analysis of molecular variance (amova) was carried out to assess genetic differentiation within and between geographical regions. Finally, the relationships between geographical and genetic distances of populations were examined for each region. Pairwise N ST were calculated first according to Grivet & Petit (2002) , and Mantel tests were then conducted on the matrices containing the pairwise geographical distances between populations and their corresponding N ST values. (The N ST was used instead of the G ST to account for potential phylogeographical structures between the examined populations.) amovas and Mantel tests were carried out with the software arlequin (Schneider et al. 2000) , while the pairwise N ST values were calculated using the program diston (by R.J. Petit, available at http://www.pierroton.inra.fr/ genetics/labo/Software/). The nested clade analysis of geographical distances (NCA) has received much interest during recent years (Cruzan & Templeton 2000) , as it appears to make a better use of the information available in phylogeographical surveys. However, its statistical and conceptual properties have recently been questioned Knowles & Maddison 2002) , and we have therefore preferred not to use it on the present data set.
Results
Phylogenetic relationships and geographical distribution of chloroplast haplotypes
The three primer pairs distinguished a total of 21 haplotypes among the 322 individuals analysed (Table 2) . Single DNA fragments exhibited up to seven different states, indicating a considerable accumulation of mutations within some DNA regions. The network of cpDNA haplotypes, as inferred by statistical parsimony, is shown in Fig. 2 . Exact parsimonious probabilities for the linkages spanning one (17 cases), two (6) and four mutations (1) were 0.96, 0.87 and 0.68, respectively; in other words, 17 of 24 linkages showed a statistically significant (i.e. P < 0.05) level of confidence.
Three lineages could be distinguished that occupied different regions (Figs 2 and 3) : the Iberian Peninsula south of the Pyrenees and northernmost Morocco (hereafter termed Iberia) (haplotypes 1-9), Turkey and the western Caucasus (hereafter Anatolia) (haplotypes 10 -14), and temperate Europe from the Pyrenees to West Siberia (haplotypes 15 -21). Among the nine haplotypes found in Iberia, only haplotype 9 occurred over more than one mountain range. The Moroccan haplotype 1 differed strongly from the rest of the Iberian lineage. This haplotype was fixed in the population where it occurred, although another, larger population fixed for haplotype 2 was growing only some 6 km away. Generally, Iberian haplotypes were clearly structured and their divergence was correlated positively with the geographical distances between populations (Mantel test: r = 0.34, P = 0.02), after excluding the strongly divergent haplotype 1. This was also the case when Iberian and Anatolian populations were pooled (r = 0.32, P = 0.003). In Anatolia, one of the five haplotypes detected (haplotype 13) spanned over the Black Sea region, while the others were restricted to single populations in areas where the species has a disjunct distribution. The third region, temperate Europe between the Pyrenees and West Siberia, showed a very different pattern. It was dominated by a single haplotype (16), which was present in 73% of the tested individuals and 70% of the populations, being almost the sole haplotype found north of the Alps. It occurred in admixture with other haplotypes from the Alps and the Pannonian Basin southeastwards; that is, from the range of documented forest refugia during the last glacial maximum. However, haplotype 16 remained the most widespread and abundant in this region as well (Fig. 3) . The seven haplotypes detected across temperate Europe differed little and were assembled around the widespread haplotype 16 (Fig. 2) . Three haplotypes (15, 18 and 20) were detected in a single individual. Contrary to the other two regions, no relation was evident between genetic and geographical distances (P > 0.05, both for whole temperate Europe and for its two subregions).
Regional differences in cpDNA diversity and differentiation
Diversity parameters (Table 3) were calculated on the basis of 63 populations (mean = 4.8 individuals per population) and 18 of the 21 detected haplotypes. The haplotype differentiation measured throughout the range of F. alnus was very high (G ST = 0.81) and even higher when taking the relationships between haplotypes into account (N ST = 0.91). The permutation test indicated that the observed N ST was significantly higher than the G ST (P < 0.01), indicating the existence of a phylogeographical structure at this scale (Pons & Petit 1996) . In contrast, no phylogeographical structure was detected within any of the regional population subsets (i.e. N ST ≅ G ST for Iberia, Anatolia, whole temperate Europe, southeastern or remaining temperate Europe).
Results of the analysis of molecular variance (amova) are presented in Table 4 . When comparing Anatolia, Iberia and temperate Europe, most of the total variance (71%) was explained by differences among regions, while withinpopulation variation accounted for only 5% of the total variance. In contrast, the comparison of the two subregions within temperate Europe almost reversed this pattern: 62% were explained by differences within populations and only Table 3 Gene diversity parameters estimated according to Pons & Petit (1995) 17% by differences between regions ( Table 5 ). All observed results were highly significant (P << 0.001).
Discussion
Geographic distribution and phylogenetic relationships of chloroplast haplotypes
The current distribution range of F. alnus encompasses three of the four main glacial refuge regions of West Palaearctic plants: Iberia, Anatolia and the Balkans. The analysis of F. alnus cpDNA haplotypes and their phylogenetic relationships revealed that each region is occupied by a different lineage. These differ considerably. The Iberian and the Anatolian lineages consist of locally distributed haplotypes with clear geographical affinities. In contrast, the temperate European lineage is organized around one very abundant and widespread haplotype, and no relation exists between the geographical situation and the similarity of haplotypes.
Only the Balkans harbour haplotypes of the temperate European lineage, suggesting that the Holocene expansion of F. alnus across Europe originated exclusively from this refugium. The structural differences between lineages suggest that F. alnus populations in different regions have experienced markedly distinct evolutionary processes. The populations distributed over the Iberian Peninsula and Anatolia were highly differentiated and fixed mainly for a single haplotype. Surprisingly, the haplotypes found in northern Spain and northwest Anatolia (respectively, haplotypes 8 and 9 and haplotype 10) are more similar to each other than to some of the other haplotypes within their respective regions; in other words, they bridge Iberia and Anatolia within a single large lineage distributed over the entire Mediterranean Basin and some neighbouring areas (for instance, West and North Iberia and the Black Sea region). The ample overall genetic divergence -17 mutations between the Moroccan haplotype 1 and the East Anatolian haplotype 14 -the wide geographical distance and the geological history of the areas involved suggest that the formation of this 'Ibero-Anatolian' lineage could date back to the Tertiary, possibly even prior to the onset of the current Mediterranean climate in the Pliocene (see Palamarev 1989; Denk et al. 2001 ; for numerous similar cases). Three further inferences were supported by the phylogenetic structure of this lineage: first, the steady sequence of haplotypes separated by only one or two mutation steps distributed over southern Europe indicates that the current pattern may have been produced during a slow but continuous expansion of the species range. Second, few mutations have apparently become fixed after the initial population establishment (contrary to some expectations; see, e.g. Knowles 2001; Tzedakis et al. 2002) , as all but one haplotype (4) coincided with the continuous linear haplotype sequence. Finally, populations seem to have experienced little dispersal or gene flow since their formation, as deduced by the correlation between genetic and geographical distances in Iberia and Anatolia. In other words, populations of this ancient Ibero -Anatolian lineage would have participated little in the continental-scale migration dynamics of the species throughout Quaternary climate cycles, as might be expected for refugia located relatively far south and away from the 'leading edge'.
Temperate Europe is dominated largely by haplotype 16. The two derived haplotypes detected in this area (15 and 18) were found in single plants and could be of local postglacial origin. The widespread haplotype 16 prevailed also in Southeast Europe, where it occurred mixed with four other haplotypes (17, 19, 20 and 21) . Because most of the cpDNA diversity in this lineage was restricted to this region, it may be assumed that the glacial refugium for this lineage was located somewhere in this area. Interestingly, the northern range limit of these mixed populations in Hungary and Moldavia coincides with the location of the northernmost glacial refugia of forest vegetation documented so far (Willis et al. 2000) . The observed distribution range of haplotype 16 indicates that F. alnus from Southeast Europe must have spread quite rapidly and in several directions to populate the new territories. This process would explain the strong differences in dispersal ability found between present-day F. alnus populations from South Iberia and from Central Europe (Hampe & Bairlein 2000a ; see also Dynesius & Jansson 2000) .
The strong dominance of haplotype 16 and its central phylogenetic position within the network of temperate European haplotypes suggests that it is the ancestor of this lineage. Moreover, the phylogenetic network situated haplotype 16 close to the node between the Iberian and the Anatolian lineage, which coincides with its geographical situation between these two regions. It is noteworthy that this haplotype is the only one that has clearly been involved in Quaternary migration dynamics and, at the same time, the only that has generated several other permanent haplotypes.
Genetic diversity and differentiation of populations
High genetic differentiation was observed within Iberia and Anatolia, but not in temperate Europe. Moreover, populations from Anatolia and particularly the Iberian Peninsula contained high haplotype richness: nine haplotypes were restricted to the Iberian Peninsula and North Morocco and seven of them were restricted to the endemic subspecies F. a. baetica. The smaller sample of Anatolian and Georgian populations revealed five haplotypes, two of which are restricted to the endemic subspecies F. a. pontica, while the widespread haplotype 13 occurred in both subspecies. The coefficients of differentiation between populations in Iberia (G ST = 0.83) and Anatolia (G ST = 1.0) are among the highest found so far for a fleshy-fruited temperate plant species (see below). With only two exceptions, the haplotypes of these regions were restricted to single mountain ranges. The first exception was haplotype 9, which was found in Northwest Spain as well as in the southern Spanish Doñana population. This population contains treelike F. alnus plants characteristic of the native subspecies baetica as well as some plants of small, multistemmed shrub habit typical of the northern subspecies alnus (A. Hampe, pers. obs.). These shrublike plants grow in a restricted area around a man-made lake, suggesting that they could have been introduced during historical times from northern Spain. The second exception involves haplotype 13, found along the Black Sea Coast of Turkey and Georgia. This region lies at the margin of the summer-dry Mediterranean climate and is known for its richness in Quaternary and Tertiary relict plant species (Denk et al. 2001) . Here, F. alnus populations are not restricted to mountain habitats and therefore not as isolated as those in the dry mountain ranges of southern Anatolia.
Temperate European F. alnus populations had most of their cpDNA diversity restricted to the putative southeastern refugium. The comparatively high level of haplotype mixing in this region indicates that -in contrast to Iberia and most of Anatolia -gene flow between populations has been significant, although it has probably involved mostly the abundant haplotype 16. None of the 55 temperate European populations was fixed for any haplotype other than this haplotype, and only one of the six other haplotypes of this lineage (19) was found at more than one site.
At first sight, F. alnus appears to follow the 'southern richness vs. northern purity' paradigm (Hewitt 2001) , because haplotype richness is highest in the stable populations of Iberia and Anatolia, decreases towards Southeast Europe and is extremely low in the northern areas of postglacial recolonization. However, the within-population diversity of F. alnus does not follow this south-north gradient: populations from Iberia and Anatolia, in fact, show values almost as low as those from the recolonized area of temperate Europe, and only the Southeast European refugium harbours a relatively high fraction of mixed populations. The validity of the 'southern richness vs. northern purity' paradigm for within-population haplotype diversity has been questioned recently by Petit et al. (2003) , who found that many European woody species exhibit peak values of intrapopulation diversity not in southern but in central Europe, where populations from different refugia have merged. The present study illustrates that temperate refugia may similarly harbour markedly higher withinpopulation diversities than refugia within areas of Mediterranean climate; this is due probably to higher rates of gene flow between populations during interglacial periods.
The role of bird-mediated seed dispersal during and after the postglacial expansion
Most phylogeographical studies conducted so far on fleshy-fruited tree species have reported low degrees of population differentiation at chloroplast markers (Sorbus aucuparia: G ST = 0.26-0.29, Raspé et al. 2000; Prunus avium: 0.29, P. spinosa: 0.33, Mohanty et al. 2001a,b; S. torminalis: 0.34, Oddou-Muratorio et al. 2001 ) and weak phylogeographical structures. Instead, in F. alnus, the species' overall degree of differentiation (G ST = 0.81) was much higher and a clear phylogeographical structure was detected. These patterns were due mainly to the strong divergence of Iberian and Anatolian populations, while temperate European populations (G ST = 0.42) fitted better with the patterns known in other fleshy-fruited species. The previous studies had, however, scarcely sampled populations from the southernmost parts of the range. An exception is a recent study on bird-dispersed Hedera spp. (Grivet & Petit 2002) , which included a number of southern populations and reported a relatively high G ST (0.64) and a clear phylogeographical structure. This and the present case indicate that the relation between bird-mediated seed dispersal and low levels of cpDNA differentiation may not be as straightforward as has sometimes been assumed. Moreover, a representative sampling across the entire species range should be an important goal of future largescale phylogeographical studies in order to detect existing regional variation in population differentiation.
Generally, results suggest that in several temperate plants with bird-ingested fruits, seed-mediated gene flow between populations may have been significant across the more or less continuous species range but negligible among the disjunct populations growing in Mediterranean climate areas (as well as across the unforested plains north of the Caucasus). In northern Europe many bird-dispersed fruits ripen in late summer and early autumn and much seed dispersal is carried out by migrating birds, whereas in southern Europe many seed dispersers are resident and territorial (Hampe & Bairlein 2000b; Hampe 2001) .
Once F. alnus populations and bird migration routes had become established in the Holocene, more or less regular long-distance dispersal events by migrating birds may have promoted a step-by-step secondary expansion of northern haplotypes towards the south. This process would be reinforced by the fact that temperate European F. alnus populations usually grow in mid-successional plant communities (Godwin 1943 ) and used to experience frequent extinctions and colonizations (i.e. metapopulation dynamics). A secondary southward migration of the already common haplotype 16 across the area of recolonization might have reduced further the abundance of other haplotypes throughout the newly colonized range. This southward 'secondary haplotype migration' after the range establishment has to our knowledge never been hypothesized; its existence should be tested by comparing the phylogeographical patterns of fleshy-fruited species with different dispersers and/or fruit ripening seasons.
